Abstract. Titanium hydride was successfully synthesized at room temperature by ball milling. X-ray diffraction patterns demonstrated that a transformation of elemental Ti powders into TiH 2 could be induced at room temperature by ball milling under a hydrogen atmosphere. Almost no hydrogen absorption was observed during the initial few minutes of the milling process on the basis of x-ray diffraction patterns and hydrogen pressure in the reservoir system, although the grain size of Ti decreased significantly. A non-stoichiometric titanium hydride with an approximate composition of TiH 1.9 was first formed after about 7 min of milling and existed together with unhydrided Ti flakes. The stoichiometric hydride phase TiH 2 was developed after further milling at room temperature. Due to the trapping of hydrogen by numerous defects and grain boundaries, the dilute solution Ti(H) does not exist in the nanograin milled metal powders.
Introduction
Metal hydrides have been extensively investigated due to their potential applications in hydrogen purification, hydrogen embrittlement, electrodes for batteries and hydrogen storage media [1] [2] [3] . Much work has been performed on titanium hydride because it pocesses one of the highest absorptive capacities among metal-hydride systems [4] . Unfortunately, applications are limited because of the difficulty in sample preparation, which generally requires exposing Ti to H 2 gas at high temperature and/or high pressure for several hours, followed by slow cooling to obtain maximum hydrogen content. Mechanical alloying has been shown to be a simple and effective technique for synthesizing a variety of novel materials. Recently, it was found that titanium hydride can be prepared at room temperature by mechanical alloying [5] [6] [7] [8] [9] . However, neither a detailed description of the development of titanium hydride during the milling process or a thorough investigation of the phase compositions in mechanicallyalloyed powders has been reported to date. In this work, we present x-ray diffraction results of an investigation of the phase development of titanium hydride induced by ball milling.
Experimental methods
Elemental titanium powders with a particle size of −325 mesh were milled under a hydrogen atmosphere for different † Author to whom correspondence should be addressed.
periods of time using a Spex model 8000 mixer/mill. In all cases, about 1.0 g of titanium powder and two 11.1 mm diameter hardened steel balls with a total weight of 11.19 g were loaded in a custom-made hardened steel vial. The vial was connected to a hydrogen gas reservoir system by a Nortron Masterflex 6104-24 type tube during milling. The rate of hydrogen absorption was determined by the changes in hydrogen pressure, although in all cases the reservoir volume was sufficiently large that pressure changes amounted to less than 5% of the total pressure of about 1 atmosphere. The hydrogen pressure was measured by an Omega model PX303-015ASV strain-gauge-type pressure transducer. During the milling process the temperature of the vial was monitored using a type K thermocouple. The phase composition and the structural properties were determined by x-ray diffractometry using Cu Kα radiation.
Results and discussions
The rate of hydrogen absorption can be monitored by the changes of hydrogen pressure in the reservoir system. Figure 1(a) illustrates the variation of hydrogen pressure with milling time. It can be seen that the hydrogen pressure shows no obvious change before 7 min of milling, implying little or no hydrogen absorption during the initial milling process. The pressure then decreases from 108.1 kPa to about 101.6 kPa and finally reaches a pressure of around 101.3 kPa. In this hydrogen reservoir system, the relationship between the ratio of hydrogen to titanium atoms, H/Ti, and the change in H 2 pressure can be written as
where V is the volume of the reservoir system, A is the atomic weight of Ti. P is the pressure change in the system, R is the gas constant, m is the mass of Ti powders and T is the temperature. On the basis of this relationship, the absorption of hydrogen by titanium as a function of milling time is plotted in figure 1(b). Since all samples during the initial milling process show the same hydrogen absorption ratios, we only present the hydrogen absorption curve for the sample milled for 35 min. As the milling time increases to 35 min the hydrogen ratio, H/Ti, approaches 1.9. The transformation of elemental Ti powder into titanium hydride compound can be observed by x-ray diffraction patterns. Figure 2 presents the x-ray diffraction patterns for the as-milled samples with different milling times. The pattern of elemental Ti powder was also plotted for comparison. Titanium hydride was fully developed in the sample milled for 35 min. The x-ray diffraction patterns indicate that the titanium hydride has a tetragonal or pseudofaced-centred-cubic structure with lattice constants a = 4.467 Å, c = 4.441 Å. Its unit cell volume of 88.6 Å 3 is in good agreement with that of TiH 2 (88.4 Å 3 ) [10] , implying that this sample has a stoichiometric composition. The slightly low values of H/Ti ratio obtained by hydrogen pressure measurements may result from the systematic errors, which are estimated to be about 5%, and the fact that some portions of Ti may be trapped in the vial around the gas inlet and may not be effectively milled [8 9] . TH 2 has a tetragonal structure at 78 K and transforms from the tetragonal structure to a cubic one at 310 K. Therefore, at room temperature the lattice constants a and c are nearly the same. It is difficult to study the details of the phases of titanium and its hydride by x-ray diffraction patterns due to the overlap of several peaks. Fortunately, we can select the (002) peak of Ti and the (202) peak of TiH x as the characteristic peaks of these two phases. These are marked by symbols '+' and '∇' in figure 2, respectively. Figure 3 illustrates these two peaks measured in a small angle range. After 7 min of milling, the (202) peak of the titanium-hydride phase is visible and its intensity increases with increasing milling time. Meanwhile, the intensity of the (002) peak of Ti decreases. For the sample milled at 35 min, no residual elemental Ti was detected by x-ray diffraction.
The line widths of the diffraction peaks were found to broaden with increasing milling time. The broadening of the diffraction peaks is attributed to the reduction of the grain size. Using the Scherrer formula the average grain sizes of titanium and titanium hydride as shown in figures 4(a) and 4(b), respectively, are obtained. During the first few minutes of milling, there is little or no hydrogen absorption, while the grain size of the Ti powders decreases rapidly. After 5.5 min of milling, the grain size of Ti is reduced to about 30 nm and does not show any obvious decrease with further milling. However, at this time, very fine Ti powders begin to absorb hydrogen significantly and react with hydrogen to form titanium hydride. Due to the embrittlement of titanium by hydrogen absorption the average grain size of the titanium-hydride phase reduces from 15 nm to 6 nm with subsequent milling. This result may be compared with the Zhao-Hua Cheng et al situation for an as-milled TiN compound, where it requires about 36 h of milling to obtain TiN powders with a grain size of 9 nm [11] . This indicates that, by comparison, the absorption of hydrogen during ball milling is a very rapid process.
Within the experimental errors, the position of (002) diffraction peak and the unit-cell volume of titanium in the samples with different milling times do not indicate an obvious change (figures 5(a) and 5(b)), implying that hydrogen does not enter titanium to form a Ti(H) solid solution. Instead, partially-hydrided powders consist of a mixture of fine-grained non-stoichiometric titaniumhydride powders and unhydrided titanium flakes. The unit-cell volumes of titanium hydrides are about 87.7 Å 3 , corresponding to an approximate composition of TiH 1.9 , and are nearly independent of milling time in the range 7-21 min.
A random solid solution of dilute hydrogen might exist in a well ordered single crystal of a metal. However, in the nanosized grains of metal produced by ball milling, hydrogen is trapped at a variety of possible sites resulting from the large number of lattice defects and grain boundaries [12] . The trapping of hydrogen in as-milled powders characterizes a relatively slow diffusion process compared with free diffusion. The trapped hydrogen has enough time to form clusters, react with titanium, and consequently form titanium hydride. On the other hand, the high mobility of hydrogen in metals permits the establishment of an equilibrium condition at a much lower temperature and after a much shorter time than those of interstitial atoms, such as C, N or O. Moreover, the embrittlement of titanium caused by hydrogen absorption aids in the further reduction of the grain size of the hydride phase. Therefore, as-milled powders can easily absorb hydrogen to form titanium hydride and develop the equilibrium TiH 2 phase after relatively short milling times. At the same time, as shown in figure 6 , the position of the (202) peak decreases from 59.38 to 58.66
• corresponding to an increase in the unit-cell volume from 87.7 to 88.6 Å there is a substantial reduction in the grain size of the titanium to about 30 nm. This size remains relatively constant during further milling and presumably represents an equilibrium condition based on the mechanical properties of titanium and the particular milling conditions. It is only after this titanium grain size reduction occurs that any substantial hydrogen absorption occurs. The titanium hydride, when formed, is of a substantially smaller grain size (15 nm) than the titanium and this is further reduced to about 6 nm during further milling. It is reasonable to assume that those titanium grains which contain sufficient defects and grain boundaries absorb hydrogen fairly rapidly and fragment into smaller non-stoichiometric titanium-hydride grains. These non-stoichiometric titanium-hydride grains absorb a small amount of additional hydrogen over a period of time and fragment into smaller grains. This process is consistent with the grain sizes indicated in figure 4 and the relative proportions of the phases as seen in figure 3 .
Conclusions
The transformation of elemental titanium powders into TiH 2 can be induced at room temperature by ball milling under hydrogen atmosphere. X-ray patterns show that a non-stoichiometric titanium hydride with an approximate composition of TiH 1.9 first begins to form after about 7 min of milling. Due to the high mobility of hydrogen in titanium, very fine grain size and a large number of defects, a stoichiometric phase TiH 2 is developed at room temperature after relatively short milling times. The Ti(H) dilute solution is not detected by means of x-ray diffraction. This may be due to the fact that hydrogen preferentially traps at defects and grain boundaries in the nanograin titanium metal fromed by ball milling. The present work suggests that ball milling is an effective technique for synthesizing titanium hydride at room temperature.
